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The recent appearance of an avian influenza A virus in seals suggests that
viruses are transmitted from birds to mammals in nature. To examine this
possibility, avian viruses of different antigenic subtypes were evaluated for their
ability to replicate in three mammals-pigs, ferrets, and cats. In each of these
mammals, avian strains replicated to high titers in the respiratory tract (105 to
107 50% egg infective doses per ml of nasal wash), with peak titers at 2 to 4 days
post-inoculation, similar to the pattern of human and other mammalian viruses
in these animals. Most avian strains were recovered for 5 to 9 days post-inocula-
tion. One avian HlNl virus initially replicated poorly in pigs, but was adapted to
this host and even transmitted to other pigs. Replication of the avian viruses
occurred in the respiratory tracts of mammals, whereas, in birds, they replicate in
the intestinal tract as well. The infected mammals had no significant disease signs
and produced low levels of humoral antibodies; however, challenge experiments
in ferrets indicated that they were immune. These studies suggest that influenza
A viruses currently circulating in avian species represent a source of viruses
capable of infecting mammals, thereby contributing to the influenza A antigenic
pool from which new pandemic strains may originate.

Avian influenza A viruses have not been
shown convincingly to replicate or produce dis-
ease in mammals, yet the recent isolation of an
"avian" virus from sick harbor seals (Phoca
vitulina) suggests that this can occur in nature
(9a; J. R. Geraci, D. J. St. Aubin, R. G. Webster,
V. S. Hinshaw, W. J. Bean, H. L. Ruhnke, S.
Madoff, I. K. Barker, and J. R. Prescott, sub-
mitted for publication; R. G. Webster, V. S.
Hinshaw, W. J. Bean, K. L. van Wyke, J. R.
Geraci, and G. Petursson, Virology, in press).
The seal virus, which is antigenically related to
fowl plague virus, possesses all eight gene seg-
ments most closely related to avian viruses
(Webster et al., in press). In view of this event,
it is clear that studies are needed to examine the
potential of avian viruses to replicate in mam-
mals.

Extensive studies (4, 19) have shown that
birds harbor a large number of different influ-
enza A viruses, including strains antigenically
(23) and genetically (16) related to those in
mammals. Such findings have led to the sugges-
tion that avian viruses may contribute some
genes to the evolution of new viruses appearing
in mammals, including humans (23), yet there
are little data indicating that avian viruses can
infect mammals under natural or laboratory con-
ditions. To analyze this possibility, we have ex-

amined (i) the ability of avian influenza A viruses
of different antigenic subtypes to replicate in
pigs, cats, and ferrets, (ii) the adaptation and
transmission of an avian virus in pigs, and (iii)
antigenic and genetic comparisons of viruses
after passage in different hosts. The results in-
dicate that most of the avian viruses tested can
replicate in mammals, suggesting that interspe-
cies transmission of these viruses from birds to
mammals could occur in nature.

MATERIALS AND METHODS

Viruses. The antigenic classification of the viruses
used in this study follows the recent World Health
Organization recommendations (27); the previous clas-
sification (25) is also included. The influenza A virus
strains used in this study were from the repository at
St. Jude Children's Research Hospital and are identi-
fied under appropriate sections below.

Serological tests and virus identification. The
influenza viruses were identified in hemagglutination
inhibition (HI) tests (12) and neuraminidase inhibition
(NI) tests (26) with specific antisera to the isolated
surface antigens of reference influenza viruses. Anti-
sera to selected avian isolates were prepared in ferrets
by standard procedures (12). When the HI titers of the
ferret sera were <1:20 at 12 days post-inoculation
(p.i.), the ferrets received an intraperitoneal injection
of 5 x 107 50% egg infective doses (EID5o) of the same
virus and were bled 10 days later. It should be noted
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that the intraperitoneal boost was necessary to pro-
duce a significant antibody response (HI titer of >1:
80) in ferrets inoculated with avian strains, and even
this approach has not always been successful.

In vivo virus replication studies. Ferrets, cats,
pigs, turkeys, and mallard ducks (all from 1 to 4
months of age) had no serological evidence of prior
exposure to influenza viruses, and no viruses were
isolated, from samples taken before inoculation. The
mammals were inoculated intranasally, and the birds
were inoculated orally and intratracheally with 106 to
108 EID50 of virus. The animals were examined daily
for clinical signs of disease. Cloacal, tracheal, rectal, or
nasal swabs were taken daily from inoculated animals,
treated with antibiotics, and assayed for influenza
viruses as previously described (5). Nasal washes from
the mammals were collected as described (14) except
that, in these studies, the animals were anesthetized
with Ketamine (Bristol Laboratories) before sampling
to facilitate handling and increase mucous secretions.
Nasal washes were titrated in embryonated chicken
eggs to determine virus concentrations (EID5o per
milliliter). Organs were collected aseptically for virus
titrations. The tissues were weighed, ground in a mor-
tar with powdered glass, diluted, and titrated for in-
fectious virus in embryonated chicken eggs. Sera from
the mammals at 14 days p.i. were examined for anti-
bodies in HI and NI tests.

RESULTS
Replication of A/Dk/Alb/573/78 (HiNl)

in mammals and birds. Previous studies in
our laboratory (7, 22) and others (11) suggest
that avian viruses that are antigenically related
to swine strains replicate in pigs. In these studies,
however, replication was based solely on virus
recovery, i.e., the presence or absence of a virus
in nasal swabs, which provided no quantitative
evidence of virus replication. Pigs and ferrets
were inoculated with an avian HlNl (HswlNl)
virus, A/Dk/Alb/573/78 (Dk/573), and virus
replication was monitored by titrating the infec-
tious virus in individual nasal wa,hes collected
daily from these animals. Since ferrets are very
susceptible hosts to human influenza viruses
(14), it was of interest to examine their suscep-
tibility to an avian strain. The results (Fig. 1)
showed that, at 2 h p.i., there were low levels of
virus in the nasal washes of the animals, but the
titers increased markedly between 1 to 3 days
p.i. In ferrets, the levels of infectious viruses
increased during the first 3 days, with peak titers
(107 EID5o) at day 3 p.i., and then declined until
no virus could be recovered by day 9 p.i. Dk/573
reached higher titers and persisted in the ferrets
longer than the human strain, A/Hong Kong/l/
68 (H3N2) (HK/68) (Fig. 2). In pigs, the peak
virus titer (105.5 EID5o/ml) occurred on day 1 p.i.
in one and day 3 p.i. in the other (Fig. 1).
Although avian viruses replicate in the intestinal
tracts of birds (24), no viruses were detected in
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FIG. 1. Replication of Dk/573 in ferrets and pigs.

Two ferrets were inoculated intranasally with io,
EID&D, and two pigs were inoculated with 108 EID50
of Dk/573. Nasal washes were collected daily and
titrated in embryonated chicken eggs. Symbols: A,
0, Results from individual ferrets; A, *, results from
individual pigs.

rectal samples from the pigs or ferrets. Pigs
showed no disease signs, whereas ferrets expe-
rienced increased nasal discharges from 2 to 4
days p.i.
To determine whether Dk/573 replicated in

the lower respiratory tract, ferrets were sacri-
ficed on days 3, 5, and 7 p.i., and nasal turbinates
and trachea and lung tissues were collected for
virus titration. The results (Table 1) showed
that the lungs and tracheae contained high titers
of viruses (1062 EID5o/g) on day 3 p.i.; the virus
titers in these tissues were greatly reduced but
not totally eliminated by day 7 p.i. The nasal
turbinates also yielded viruses through day 7 p.i.
No viruses were recovered from blood or rectal
samples. These results indicate that Dk/573 rep-
licated in both the upper and lower respiratory
tracts of the ferrets.

Since Dk/573 replicated so efficiently in pigs
and ferrets, it was necessary to confirn that Dk/

VOL. 34, 1981



356 HINSHAW ET AL.

7k
E
0

LU

U-)

-j

(I)

I

;z

:D
cr)

cn

0

LU
z

6k

5k

4-

3

21-

I I

1|t
\
\\\, \

2 3 4 5 6 7 8 9
DAYS POST-INFECTION

FIG. 2. Replication of avian and mammalian in-
fluenza viruses in ferrets. Ferrets were inoculated
intranasally with lOf EID50 of Dk/Iceland, Seall
Mass, or HK/68. Nasal washes were collected and
titrated in embryonated chicken eggs. Symbols: x,

Dk/Iceland; 0, Seal/Mass, 0, HK/68.

573 was an avian virus. Since avian, but not
mammalian, influenza viruses replicate in the
intestinal tracts of birds (24), turkeys and ducks
were inoculated orally and intratracheally with
Dk/573, and tracheal and cloacal samples were
collected for virus isolation. Viruses were re-

covered from both the tracheae and cloacae of
the ducks and turkeys for 8 days p.i. (data not
shown). These results demonstrated that Dk/
573 possessed the tissue tropism of avian influ-
enza virus in birds. On the other hand, since Dk/
573 was not recovered from rectal samples from
mammals, it was clear that this virus did not
replicate in the intestinal tracts of these mam-
mals.
Comparison of the replication of avian,

swine, and human isolates in pigs. Since the
above studies clearly demonstrated that the

avian virus Dk/573 replicated in pigs, we next
examined whether other avian HlNl viruses,
isolated at different times and geographical lo-
cations, could also infect pigs. In this experiment,
pigs were inoculated intranasally with six avian
strains and, for comparison, two related viruses
isolated from pigs and humans, A/Sw/Wis/1/67
and A/NJ/8/76. Nasal and rectal swabs were

collected for virus isolation for 10 days. The
results (Table 2) showed that four of the avian
viruses and the human and swine viruses were

recovered for 6 to 7 days p.i. A cloned prepara-

tion of A/Dk/Alb/35/76 (Dk/35) was recovered
for only 1 day p.i., even less than the 3 days p.i.
for the uncloned Dk/35. No viruses were isolated
from the rectal samples from the pigs. The pigs
infected with human and swine isolates had
fevers (>40'C) but no other significant disease
signs, whereas the pigs infected with the avian
strains displayed no disease signs.

TABLE 1. Recovery of Dk/573 (HINI) from the
respiratory tracts of ferretsa

Virus titer (log,o
EID5o/g) in fol-

Day lowing tissue:
p.i.

Virus recovery" from following
sample:

Rectal Nasal Nasal

Lung Trachea Rectal Blood swab turbi-
swab swab nluates'

3 6.2 5.7 - _ + + (2.2)
5 3.6 2.0 - - + + (2.7)
7 2.1 1.6 - - - + (1.0)
a Ferrets were inoculated intranasally with approx-

imately 107 EID5o of Dk/573, and swabs and tissues
were collected and assayed as described in the text.

b +, Virus was recovered; -, no virus was detected.
NNasal turbinates were scraped into 3.0 ml of phos-

phate-buffered saline. The virus titers (log,o EID50 per
milliliter) of these samples are shown within paren-
theses.

TABLE 2. Recovery of avian HJNJ (HswlNl)
viruses from experimentally inoculated pigsa

Virus recovered
Inoculum from nasal passages

(days p.i.)

Dk/Alb/35/76 1-3
Dk/Alb/35/76 Clone Ib 1
Dk/Alb/46/77 1-6
Dk/NJ/1853/78 1-6
Dk/573 1-7
Dk/Alb/714/78 1-7
Sw/Wis/1/67 1-7
NJ/8/76 1-7

a Two pigs were inoculated intranasally with ap-
proximately 105 EIDso of virus (see the text). Nasal
swabs were collected for 10 days p.i. and inoculated
into embryonated chicken eggs for virus isolation.

b This virus stock was obtained by three limit dilu-
tion passages of Dk/35 in embryonated chicken eggs.
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These findings indicated that avian strains
that were antigenically related to swine virus
replicated in pigs without producing disease.
Although quantitative studies were not done on

each of these viruses, the length of virus shed-
ding, detected by nasal swabs and nasal washes,
agreed closely (e.g., Dk/573), indicating that
these avian viruses were replicating. Also, the
avian strains were recovered for as long as the
human and swine viruses.
Adaptation of Dk/35 to pigs and subse-

quent transmission to contact pigs. The
above studies (Table 2) suggested that, in con-

trast to the other avian strains, Dk/35 clone I
replicated poorly, if at all, in pigs. To determine
whether in vivo passage ofthis virus would result
in the selection of a strain that would replicate,
the virus was sequentially passed six times in
pigs. For these studies, Dk/35 clone I was used
as the initial inoculum, and then a virus re-

covered in eggs from nasal swabs was used to
inoculate the next pig. During passage, viruses
were recovered for increasingly longer periods,
up to 5 days p.i. Pig 6 was sacrificed at day 3 p.i.,
and a virus was recovered from the lungs of this
animal. These results indicated that in vivo pas-
sage increased the recovery time, suggesting that
even this avian strain, which initially replicated
poorly, could be adapted to pigs.
To determine whether this "pig-adapted"

avian virus could be transmitted to other pigs,
12 pigs were inoculated with the -virus from
passage 6, and, after 24 h, the animals were put
in contact with 12 uninoculated pigs. Nasal and
rectal samples were taken daily. On days 3 to 8
p.i., inoculated and contact pigs were sacrificed
at random and autopsied for evidence of gross

pathological lesions. Viruses were recovered
from the nasal passages of six inoculated pigs for
as long as 5 days p.i. and from two of the contact
pigs during the 8 days of exposure. No viruses
were detected in rectal samples. Autopsies re-

vealed no significant gross pathology in the lungs
of the animals, although one infected pig had
small lesions at day 5 p.i. Pigs experimentally
infected with swine viruses (A/Sw/Wis/1/67
and A/NJ/8/76) showed no significant lung pa-

thology. These findings indicated that pigs in-
fected with the avian virus could transmit the
virus to other pigs.
To determine whether antigenic differences

between the original Dk/35 clone I and the pig-
adapted virus could be detected, these viruses
were compared in HI and NI tests with rabbit,
chicken, and ferret antisera. Even with the ferret
antisera, the HI and NI reactions of Dk/35 clone
I and the pig-adapted virus were indistinguish-
able (data not shown). The ribonucleic acids of

these viruses were compared by polyacrylamide
gel electrophoresis as previously described (18),
and the ribonucleic acid migration pattems of
the viruses were indistinguishable. By these as-
says, antigenic or genetic changes in the virus
which may have occurred during passage were
not detected. More sensitive techniques, such as
oligonucleotide mapping, are currently being
used to examine these viruses.
Replication of avian and mammalian in-

fluenza viruses of various antigenic sub-
types in mammals. Although the above stud-
ies might suggest some correlation between the
antigenic relatedness of the avian and swine
viruses with the ability to replicate in pigs, there
is no a priori reason that this should be so. Other
avian strains of various antigenic subtypes were,
therefore, examined in three mammalian spe-
cies. In these studies, the replication of avian
viruses was compared with those of the human
virus HK/68 and the seal isolate A/Seal/Mass/
1/80 (H7N7) (Seal/Mass). The seal virus was of
particular interest since this virus, although ge-
netically most closely related to avian viruses,
was associated with a disease outbreak in marine
mammals (Geraci et al., submitted for publica-
tion). It is likely that this virus spread from birds
to seals in nature, emphasizing the possible sig-
nificance of avian viruses for mammals. Also,
the seal virus could possibly spread to other
mammals, so it was important to evaluate this
potential.

(i) Ferrets and pigs. Since ferrets and pigs
were susceptible to the avian HlNl viruses, it
seemed reasonable to include them in these
studies. Also, pigs are economically important
domestic animals, so the possibility that avian
or seal viruses could infect and even cause dis-
ease in them needed to be evaluated. Ferrets
were inoculated with HK/68, Seal/Mass, and
Dk/Iceland/29/80 (H7N7) (Dk/Iceland) vi-
ruses, and nasal washes were collected and ti-
trated for infectious virus. In ferrets (Fig. 2), the
HK/68 and Seal/Mass viruses both reached
peak titers within 2 days p.i. (106.8 and 1080
EID5o/ml, respectively), whereas the Dk/Ice-
land virus was recovered at slihhtly lower titers,
with the peak at day 3 p.i. (106 EID5o/ml). HK/
68 could no longer be recovered by 7 days p.i.,
whereas the avian and seal viruses were still
present at low levels, but could not be recovered
after day 7.

Since Dk/Iceland replicated in ferrets, a num-
ber of other avian strains were also examined.
In this case, virus shedding was detected by
virus isolation from daily nasal swabs. The re-
sults (Table 3) showed that the avian strains
were recovered from 3 to 7 days p.i., suggesting
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TABLE 3. Virus recovery and antibody responses of
mammals inoculated with avian and mammalian

influenza A virusesa
Virus recovered HI ati-
from nasal pas body re-

Inoculum sages (days p.i.) gob8°Xle
Ferrets Pigs of ferrets

Avian
Dk/Ont/77 (H2N1) 1-3 NDC 80
Dk/Alb/133/78 (H6N2) 1-3 ND 20
Dk/NY/6750/78 (H2N2) 1-5 ND 20
Dk/Alb/604/78 (H2N3) 1-5 1-5 <20
Dk/NY/6874/78 (H3N2) 1-5 1-5 <20
Tk trough/Minn/3/79 1-5 ND 20

(H1ON7)
Gull/Mass/1/80 (H?N6) 1-5 ND 20
Dk/Alb/358/79 (H3N6) 1-6 ND 20
Dk/Iceland/29/80 1-7 ND 20
(H7N7)

Seal
Seal/Mass/1/80 (H7N7) 1-7 1-7 20

Human
HK/1/68 (H3N2) 1-5 ND 1,280
a Ferrets were inoculated intranasally with 107

EID5o of virus, and pigs were inoculated with 10'
EID5o. Nasal swabs were collected for 10 days p.i. and
inoculated into embryonated chicken eggs for virus
isolation.

b Ferrets were bled at 14 days p.i. The HI titer is
the reciprocal of the highest dilution of sera inhibiting
four hemagglutinating doses of virus.
'ND, Not determined.

that these viruses, like the HlNl strains, differ
in their ability to replicate. Viruses recovered
for as long as 5 to 7 days p.i. included isolates
from ducks, turkeys, and gulls, indicating that
various avian species harbor viruses capable of
infecting ferrets. Although several of the avian
strains possessed one or both surface antigens
related to human viruses such as H2, H3, Ni,
and N2, there was no apparent correlation be-
tween the length of virus recovery and this an-
tigenic relationship. For example, the duck virus
of the H2N1 subtype was recovered for the
shortest time (3 days), whereas the turkey and
gull viruses, which were unrelated to human
viruses, were recovered for as long as the human
virus HK/68. Replication of several strains
shown in Table 3 have been quantitated by
titrating nasal washes from these animals; for
example, Dk/Alb/358/79 reached high titers
(106 EID50/ml of nasal wash) at 3 days p.i.,
similar to the results with Dk/Iceland. The fer-
rets infected with these viruses showed no sig-
nificant disease signs. Since most of the avian
strains tested were recovered from ferrets for as
long as the human and seal viruses, these studies

would indicate that ferrets are susceptible hosts
for a wide range of different avian influenza
viruses.

Pigs were inoculated with two avian viruses
and Seal/Mass (Table 3). Both avian viruses
were recovered for 5 days p.i., similar to the
avian HlNl viruses. Seal/Mass was recovered
for even longer, i.e., 7 days p.i., and high titers
(>106.5 EID5o/ml) of virus were detected in nasal
washes from days 2 to 4 p.i. The pigs infected
with these viruses showed no disease signs.
These results indicated that pigs support the
replication of several different influenza A vi-
ruses from avian and mammalian species.

(ii) Cats. In view of the replication of the
avian viruses in both pigs and ferrets, the ques-
tion arose as to whether other mammals, partic-
ularly those in close contact with humans, were
susceptible to avian strains. Preliminary studies
by Paniker et al. (13) indicate that cats are
susceptible to infection with human H3N2 vi-
ruses. Cats were, therefore, inoculated with
three viruses isolated from different species, Ty/
Ore/1/71 (H7N3) (Ty/Ore), Seal/Mass, and
HK/68. Nasal washes were collected and ti-
trated for virus. The results (Fig. 3) showed that
Seal/Mass replicated to high titers (106.5 EID5o/
ml) by 3 days p.i., whereas Ty/Ore and HK/68
did not reach peak titers (1055 EID5o/ml) until
5 and 6 days p.i. All of these viruses were re-
covered for 8 and 9 days p.i. The cats showed no
disease signs. These findings indicated that these
influenza viruses from birds, seals, and humans
all replicated in cats.
Serological responses of mammals in-

fected with avian viruses. Although the
above studies showed that avian and also seal
viruses replicated as well as human viruses in
the mammals examined, there were differences
in the immune responses of these animals. Fer-
rets receiving the human virus HK/68 produced
high levels of antibodies (HI titer of 1:1,280),
whereas ferrets infected with avian viruses pro-
duced little, if any, detectable antibody (HI titers
of <1:20 to 1:80) (Table 3). Even Seal/Mass,
which reached high titers and persisted longer
in the ferrets than did HK/68 (Fig. 2), did not
induce a significant antibody response (HI titer
of 1:20). Similar results were obtained with sera
from pigs and cats (data not shown). On the
other hand, it was found that ferret sera had
significant levels of antibody to neuraminidase.
Ferrets infected with Dk/573 had serum HI
titers of 1:20 but NI titers of 1:100. Whether
these results reflected a reduced immunogenic-
ity of avian hemagglutinin molecules or low an-
tibody avidity is not known.

Since the antibody responses of the animals
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FIG. 3. Replication of avian and mammalian in-
fluenza viruses in cats. Cats were inoculated intra-
nasally with 107 EID5o of Ty/Ore, Seal/Mass, and
HK/68. Nasal washes were collected and titrated in
embryonated chicken eggs. Symbols: x, Seal/Mass;
0, Ty/Ore; 0, HK/68.

were low, it was possible that they were still
susceptible to infection. To examine this, ferrets
were reinfected with Dk/573 2 weeks after the
initial infection (Fig. 1). No viruses were re-
covered from nasal swabs during the next 4 days,
indicating that these animals were immune, al-
though the levels of humoral antibodies were
low.

DISCUSSION
The above studies showed that currently cir-

culating avian influenza A viruses of various
antigenic subtypes replicated in pigs, ferrets, and
cats to the same level as human influenza vi-
ruses. These findings demonstrated that avian
viruses can infect mammals, supporting the pos-
sibility that this could occur in nature.

Previously, there had been little evidence that
avian influenza viruses could infect mammals.
Early laboratory studies (20) suggested that two
virulent avian viruses, A/tern/S.A/61 and A/
turkey/England/63, produced disease in mice.
Only one human infection with an avian virus

ham been reported (3); in this case, fowl plague
virus was isolated from the individual, but no
serological evidence of infection was detected.
More recently, studies (7, 11, 22) have shown
that duck isolates, antigenically related to swine
viruses, could be recovered for 5 to 8 days p.i.
from experimentally infected pigs. Our studies
provided quantitative evidence that such avian
strains replicated to high titers in pigs, similar
to swine viruses. Also, one avian virus was trans-
mitted to other pigs, suggesting that an avian
virus can survive in a pig population. One may
postulate that the current swine viruses origi-
nated from avian strains; however, this may
have occurred long ago, since pigs obviously
maintain these viruses (4, 5). Whether the trans-
mission of viruses from birds to pigs occurs in
nature remains unknown.

Ferrets were susceptible to a wide range of
different avian viruses, including isolates of var-
ious antigenic subtypes from different avian spe-
cies. Many of these viruses replicated to higher
titers and persisted longer than the human virus
HK/68; however, no significant disease signs or
antibody responses were produced in either
mammals or birds infected with these strains. In
contrast, ferrets infected with HK/68 displayed
obvious disease symptoms and produced high
levels of humoral antibodies. The reasons for
these differences are not understood. It could be
postulated that the replication of avian viruses
produces minimal cellular destruction, resulting
in a weak antigenic stimulus; however, this
would not explain the finding that the ferrets
were immune. It is possible that the other arm
of the immune response, i.e., cell-mediated im-
munity, may be more important than humoral
antibody in these infections in both birds and
mammals. This aspect has not yet been evalu-
ated.
Our studies on cats confirmed an earlier report

(13) that human H3N2 viruses replicate in these
animals. In addition, cats were susceptible to an
avian virus and another mammalian virus (Seal/
Mass). These findings suggest that cats repre-
sent yet another host for various influenza A
viruses in nature. Since cats have frequent con-
tact with humans, as household pets, and with
birds, as predators, it is possible that cats could
be a vehicle for transmission of viruses between
avian and mammalian species, but this has not
yet been examined.
The ability of the avian viruses to replicate in

pigs, ferrets, and cats underlines the possibility
that the avian reservoir serves as a source of
viruses appearing in mammals. The recent de-
tection of an avian virus in seals (9a; Webster et
al., in press) represents a likely example of such
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a transmission in nature. This raises the question
as to the potential of avian viruses and the seal
virus with avian genes to transmit to humans.
During experimental and field studies with in-
fected seals, several investigators experienced
conjunctivitis, and high titers of the seal virus
were recovered from the eye of one individual
(21), indicating that the seal virus can infect
human eyes. With regard to the avian isolates,
human volunteer studies by Beare (personal
communication) suggested that most avian
strains did not infect individuals inoculated in-
tranasally; however, two viruses, including Dk/
573 used in our studies, were shed by the vol-
unteers, suggesting that limited replication may
have occurred. Although these results would
suggest that transmission of avian viruses to
humans seems unlikely, it would be premature
to eliminate such a possibility, since the require-
ments for virus replication and survival in a
population are not clearly defined at this time.
Our studies on the ability of these avian vi-

ruses to infect mammals relate to current efforts
to understand the viral and host factors which
dictate the host range of a virus. Studies have
shown that such factors as cleavage of the he-
magglutinin (9, 10) and a compatible combina-
tion of hemagglutinin and neuraminidase (2, 17)
are important for optimal infectivity of these
viruses; and that a single polymerase gene (P3)
determines the host range of a virus in tissue
culture (1); however, these would not appear to
be the only important features. Studies by
Scholtissek et al. (15) have shown that the host
range of a virus may be changed and then re-
gained by genetic reassortment between strains,
although the virus retains the same hemagglu-
tinin. This may be quite significant in nature,
since it would increase the chance for virus
survival. It may be particularly relevant in the
avian species, in which a large pool of influenza
viruses continually circulates (8) and genetic
reassortment between viruses occurs quite read-
ily (6), thereby producing a genetically diverse
population of viruses (18). Possibly, this situa-
tion contributes to the perpetuation of these
viruses in the many different species of birds in
the world and extends the host range of some
strains to mammals. Additional studies are re-
quired to elucidate the genetic basis of such a
complex biological property as host range.
These studies indicate that the host range of

avian influenza A viruses is broad and includes
both birds and mammals. In view of this, the
distinction between avian and mammalian influ-
enzaA viruses might be artificial. The possibility
that the host range of avian viruses includes
different mammals in nature gains support from

the appearance of an avian virus in seals. The
potential exists that other mammals, including
humans, may be involved in the circulation of
these avian viruses in nature.

ACKNOWLEDGMENTS
We wish to acknowledge the excellent technical assistance

of Jim Bigelow and Carol Anne Bockhold.
This work was supported by contract AI 02649 from the

National Institute of Allergy and Infectious Diseases, by Can-
cer Center Support (CORE) grant CA 21765 from the National
Cancer Institute, and by ALSAC.

LITERATURE CITED

1. Almond, J. W. 1977. A single gene determines the host
range of influenza virus. Nature (London) 270:617-618.

2. Bean, W. J., anctR. G. Webster. 1978. Phenotypic
properties associated with influenza genome segments,
p. 685-692. In B. W. J. Mahy and R. D. Barry (ed.),
Negative strand viruses and the host cell. Academic
Press, Inc., New York.

3. Campbell, C. H., R. G. Webster, and S. S. Breese, Jr.
1970. Fowl plague virus from man. J. Infect. Dis. 122:
513-516.

4. Easterday, B. C. 1975. Animal influenza, p. 449-481. In
E. D. Kilbourne (ed.), Influenza viruses and influenza.
Academic Press, Inc., New York.

5. Hinshaw, V. S., W. J. Bean, R. G. Webster, and B. C.
Easterday. 1978. The prevalence of influenza viruses
in swine and the antigenic and genetic relatedness of
influenza viruses from man and swine. Virology 84:51-
62.

6. Hinshaw, V. S., W. J. Bean, R. G. Webster, and G.
Sriram. 1980. Genetic reassortment of influenza A vi-
ruses in the intestinal tract of ducks. Virology 102:412-
419.

7. Hinshaw, V. S., R. G. Webster, and B. Turner. 1978.
Novel influenza A viruses isolated from Canadian feral
ducks: including strains antigenically related to swine
influenza (HswlNl) viruses. J. Gen. Virol. 41:115-127.

8. Hinshaw, V. S., R. G. Webster, and B. Turner. 1980.
The perpetuation of orthomyxoviruses and paramyxo-
viruses in Canadian waterfowl. Can. J. Microbiol. 26:
622-629.

9. Klenk, H. D., R. Rott, M. Orlich, and J. Blodorn. 1975.
Activation of influenza A viruses by trypsin treatment.
Virology 68:425-439.

9a.Lang, G., A. Gagnon, and J. R. Geraci. 1981. Isolation
of an influenza A virus from seals. Arch. Virol. 68:189-
195.

10. Lazarowitz, S. G., and P. W. Choppin. 1975. Enhance-
ment of the infectivity of influenza A and B viruses by
proteolytic cleavage of the hemagglutinin polypeptide.
Virology 68:440-454.

11. Ottis, K., and P. A. Bachmann. 1980. Occurrence of
HswlNl subtype influenza A viruses in wlld ducks in
Europe. Arch. Virol. 63:185-190.

12. Palmer, D. F., M. T. Coleman, W. R. Dowdle, and G.
C. Schild. 1975. Advanced laboratory techniques for
influenza diagnosis. Immunology series no. 6. U.S. De-
partment of Health, Education and Welfare, Washing-
ton, D. C.

13. Paniker, C. K. J., and C. M. G. Nair. 1972. Experimental
infection of animals with influenza virus types A and B.
Bull. WHO 47:461-463.

14. Potter, C. W., J. S. Oxford, S. L Shore, C. McLaren,
and C. H. Stuart-Harris. 1972. Immunity to influenza
in ferrets. I. Response to live and killed virus. Br. J.
Exp. Pathol. 53:153-167.

INFECT. IMMUN.



REPLICATION OF AVIAN VIRUSES IN MAMMALS 361

15. Scholtissek, C., L. Koennecke, and R. Rott. 1978. Host
range recombinants of fowl plague (influenza A) virus.
Virology 91:79485.

16. Scholtissek, C., W. Rohde, V. von Hoyningen, and R.
Rott. 1978. On the origin of the human influenza virus
subtypes H2N2 and H3N2. Virology 87:13-20.

17. Schulman, J. L., and P. Palese. 1977. Virulence factors
of influenza A viruses: WSN virus neuraminidase re-

quired for plaque production in MDBK cells. J. Virol.
24:170-176.

18. Sriram, G., W. J. Bean, V. S. Hinshaw, and R. G.
Webster. 1980. Genetic diversity among avian influ-
enza viruses. Virology 105:592-599.

19. Stuart-Harris, C. H., and G. C. Schild. 1976. Influenza
viruses of lower animals and birds, p. 78-91. In Influ-
enza, the viruses and the disease. Publishing Services
Group, Inc., Littleton, Mass.

20. Ulys, C. J., and W. B. Becker. 1967. Experimental
infection of chickens with influenza A/tern/So. Africa/
1961 and Chicken/Scotland/1959 viruses. II. Pathology.
J. Comp. Pathol. Ther. 77:167-173.

21. Webster, R. G., J. R. Geraci, G. Petursson, and K.
Skirnisson. 1981. Conjunctivitis in humans exposed to

seals infected with an influenza A virus. New Engl. J.
Med. 304:911.

22. Webster, R. G., V. S. Hinshaw, W. J. Bean, and G.
Sriram. 1980. Influenza A viruses: transmission be-
tween species. Philos. Trans. R. Soc. London 288:439-
447.

23. Webster, R. G., and W. G. Laver. 1975. Antigenic
variations in influenza viruses, p. 209-814. In E. D.
Kilbourne (ed.), The influenza viruses and influenza.
Academic Press, Inc., New York.

24. Webster, R. G., M. Yakhno, V. S. Hinshaw, W. J.
Bean, and K. G. Murti. 1978. Intestinal influenza:
replication and characterization of influenza viruses in
ducks. Virology 84:268-278.

25. World Health Organization. 1971. A revised system of
nomenclature for influenza viruses. Bull. W.H.O. 45:
119-124.

26. World Health Organization. 1973. Influenza neuramin-
idase and neuraminidase-inhibition test procedures.
Bull. W.H.O. 48:199-203.

27. World Health Organization. 1980. A revision of the
system of nomenclature for influenza viruses. Bull.
W.H.O. 58(4):585-591.

VOL. 34, 1981


